from a lack of system flexibility due to the requirement to direct the trapping beam through the high NA objective lens in order to form a tightly focused laser beam trap. This limits its usefulness in many cases. For example, trapping in thick samples is limited due to spherical aberrations in the optical trap occurring at depth resulting in a much-reduced trapping force. Trapping through turbid media, where it is difficult to form a high intensity focus because the beam is scattered before it reaches the trapping region, is problematic. The requirement for a high NA lens also restricts the field of view: larger fields of view can only be achieved by precisely aligning a lower NA imaging objective, co-axially with the high NA tweezing objective on the opposite side of a thin sample, creating an extremely restricted volume for positioning and moving the sample stage. There is additional interest in decoupling trapping optics from imaging optics as many commercial imaging systems do not lend themselves to having tweezing optics incorporated into the imaging path so it is challenging to perform particle or cell trapping using facility-based microscopes.
The development in the 1990's of optical fiber-based tweezing systems overcame some of these restrictions by delivering the trapping light into the sample via fibers as an alternative to high NA optics in the imaging path. The first fiber trap was demonstrated by Constable et al [5] where two opposed fibers were used to trap a particle. Here the beam profile traps the particle along the optical path and the particle position can be held stable when the optical forces are balanced along the optical axis. This has found niche applications in Raman trapping [6] , cell stretching [7] and cell rotation [8] . However, this approach demands precise alignment of the two fibers and careful microfluidic flow control of the sample. Integrated waveguides have been shown to overcome alignment problems [9] but do not offer full 3D manipulation. Taguchi et al [10] demonstrated 2D trapping in the weakly focused beam emitted from a single fiber which was polished to a tapered, spherical end with a radius of several micrometres. The first report of 3D trapping using a single fiber was by Taylor and Hnatovsky [11] who used a partially metalized, hollow-tipped, tapered fiber probe fabricated by selective chemical etching. The force produced by the light pressure from the resulting annular beam was balanced by an electrostatic force towards the tip thereby creating a stable 3D trap. Single fibers have been further refined using heating and drawing of a single core fiber to form a tapered tip able to focus the light and optically trap particles in 3D [12] . However, in these cases, the trapping position was reported to be very close (~1 μm) to the fiber end and this restricts the range of potential applications.
A significant development for fiber laser traps was to fabricate beam steering mirrors onto the fiber-end. The first example of this was presented by Liberale et al. [13] . Here, four optical fibers containing beam steering mirrors are glued together to form a probe that could trap a polystyrene microbead in 3 dimensions, 35 μm from the end face. However, this design demands high precision in terms of alignment and manufacturing, and results in a probe with near millimeter scale dimensions. A further development was to fabricate micro-prism reflectors on the end facet of a fiber bundle using two-photon lithography [14] . Similar to [13] a particle or cell could be trapped where the beams converged. Other methods to modify fiber tips to enable tweezing include fabrication of axicon tips, used to both trap and lyse mammalian cells using CW and ultrafast light, respectively [15] and on-tip polymerization using a guided wave [16] . More recent research on optical trapping using multimode optical fibers has been demonstrated by Cizmar et al. [17, 18] to trap particles using both static and dynamic intensity patterns, and similarly by Leonardo et al., to transmit digital holograms that can optically trap fluorescent beads of 2 μm in 2D as well as image the sample [19] .
In this paper, we show fabrication and use of a flexible, single fiber-based optical tweezer, of only 150 μm diameter, with a NA between 0.94 and 1.039, created by forming end face mirrors using focused ion beam (FIB) milling of two cores in a multicore fiber. The fiber tweezer is capable of 3D optical manipulation under a variety of inspection microscopes.
Multicore optical fiber-based tweezer: design and fabrication

Single fiber-based tweezer design
We have used multicore optical fiber (MCF) as the basis of a fiber tweezer due to its annular distribution of light and its small diameter of 150 μm with distance between diagonal cores of 65 μm, as seen in Fig. 1(a) , which makes it suitable for integration with 'lab on a chip' devices. MCF consists of 2 or more cores, typically assembled by creating a preform with multiple cores that is then drawn into a single multicore fiber. Recent exploitation of MCFs include polishing and bi-tapering of the fiber to create a Mach-Zehnder interferometer [20] , a twin-core fiber-based optical tweezer produced by tapering the fiber which was shown to trap particles very close to the tip end [21] and a lensed four core fiber that could trap particles in one dimension [22] .
In order to create a stable, 3D optical trap at the end of a single fiber, as opposed to a fiber bundle, or a weak trap at the end of a tapered fiber, we use a multicore fiber, as shown in Fig.  1(a) . We cut mirrors of angle θ into two diagonally opposite cores at the fiber-end as shown in Fig. 1(b) , a similar arrangement to that used by Liberale et al. in the four fiber bundle [13] .
The mirror angle (θ) with respect to the core axis has to be slightly larger than the critical angle so that the core-guided beams undergo total internal reflection (TIR) at the mirrormedia interface as depicted in Fig. 1(b) . After refraction at the fiber/media interface the beams converge to form a trapping region several to tens of micrometres away (d trap ) from the fiber-end. Angle θ prop is defined as the propagation angle with respect to the fiber end-face and angle φ as the propagation angle with respect to the fiber axis. An illustration of the converging beams is shown in Fig. 1(c) . The fiber consists of four silica cores of refractive index 1.469 ± 0.004 as measured by interferometry and doped silica cladding of refractive index 1.463 based upon the refractive index profile of a conventional SMF 28 fiber. When the fiber is immersed in water, the critical angle is calculated to be 64.79°.
The tweezing system described in this paper uses the same geometry, based on TIR, as Liberale et al. [13] . Using MCF as opposed to a four fiber bundle, the distance between the two diagonal cores in reduced by almost half thus reducing the overall diameter of the fiber tweezer from 360 μm to 150 μm. In addition, by using MCF, the assembly of the fiber tweezer is more straightforward as we do not have the pre-assembly step of gluing four fibers together within a glass capillary or the facet polishing step prior to FIB machining. Whilst the single fiber tweezer presents advantages in terms of smaller size and easier assembly, the overall cost of fabrication is similar because FIB milling is the major cost in the process. FIB offers excellent precision, ideal for prototyping and proof of concept demonstrations. However, other mirror fabrication techniques, such as laser machining or mechanical polishing, may offer routes for up-scaled production. 
where m n is the refractive index of the surrounding water (1.33) and φ is the angle of beam propagation with respect to the fiber axis as shown in Fig. 1(b) , calculated using geometrical optics to be 51.4°. For these parameters, the trapping distance d trap , is calculated to be 25.9 μm.
The experimental values of the trapping distance include an error, due to the resolution of the CCD camera that imaged the experimental process, as defined from the calibration of the system. Fig. 2 . Numerical evaluation of trapping distance d trap (blue line) and numerical aperture NA (orange line) for a variety of mirror angles θ that are subsequently fabricated and experimentally tested. Experimentally observed trapping distances for yeast cells shown as blue circles. For 68° and 70° these are observed to have longer d trap than the theoretically predicted, due to lower NA that results in an increased on-axis scattering force. The experimental trapping distances have been measured using the images captured from the CCD camera of the microscope. The resolution of this optical system leads to an error equal to 1 μm. Additionally, in the theoretical model we have not accounted for divergence which leads to a larger overlap region.
We note at this point that higher NAs may be achieved by coating the mirrored surface with metal to allow a greater range of mirror angles unrestricted by the critical angle of 64.79°. However, we have observed detrimental heating using fibers coated in metal due to absorption of the 975 nm tweezing beam, and we choose to avoid this approach.
Beam steering mirror fabrication
FIB machining was used to fabricate the mirrors on the end-face of the MCF, as seen in Fig.  3(a) . The spatial precision of this machining process is on the scale of tens of nanometers. To prevent electrostatic charging during the machining process the surface of the fiber was coated with a 200 nm gold layer. The ion beam removed material from a region of 18 μm by 18 μm at the two diagonally opposite cores using a 7 nA ion current. These dimensions were chosen to cover the core diameter (8 μm) and the surrounding cladding regions. The depth of the mirror slot was 40 μm to achieve a mirror angle of 67.5 o .
During mirror fabrication, the rate of material removal by FIB was 3240 μm 3 h −1 , and the total time needed for the machining of one mirror was two hours. After fabrication the gold layer was removed in the region between the two mirrors, which can be clearly seen in Fig.  3(b) , to avoid absorption of the trapping beam as it exits the fiber. Fig. 3. a) , b) Scanning electron microscope (SEM) micrographs of fiber surface after mirror fabrication on two diagonally opposite cores, when the fiber end-face is tilted in 31° and 0° with respect to the SEM, respectively. b) A dark square in the centre of the fiber can be seen and it is due to the gold layer removal using the FIB, in order to eliminate the heating effect through the trapping experiment.
Beam characterization and simulation
Two 975 nm laser diodes with maximum output power 330 mW (Thorlabs, PL980P330J, and controller CLD1015) are coupled independently into core 1 and core 2 of the MCF via a fanout device [23] . Four single-core fibers were etched using HF acid and they were glued to align with the MCF cores. The output MCF of the fan-out is then fusion spliced to the machined fiber. Using this, each of the MCF cores can be connected to a laser diode allowing the power in each core to be independently varied. The lateral losses due to splicing, for a 1 μm misalignment is 0.532dB (11%).
Beam profile measurement was performed with the fiber placed in water, in a set up that included a water tank, a CCD camera and a micro-translation stage that was able to move in x, y, z axes as well as rotating about the vertical axis.
The rotation axis was used to determine the propagation direction relative to the fiber axis. One unmachined core in the MCF, with a circular output beam spot, was used as a position reference on the camera to show the fiber axis. With the camera held stationary, the fiber was rotated by an angle φ, as defined in Fig. 1(b) , until the beam from the machined mirror was imaged. For a fiber of mirror angle 67.5°, the angle φ was measured to be 52.31°. Starting from this angle we calculated the corresponding θ prop to be 37.69° and d trap to be 25.19 μm.
Thereafter, the beam spot cross-sections from the two machined cores were captured by camera, at different distances from the fiber-end, to obtain the divergence angles. For core 1 the beam divergence was measured to be 4.42° and for core 2 the divergence was 6.52°.
Using experimental measurements of beam intensity, direction and divergence for 67.5° mirror angles, a simulation for the propagation assuming Gaussian beams can be generated using MatLab, as shown in Fig. 4(a). For comparison, Fig. 4b shows a micrograph of the MCF fiber and the propagation of the two beams in water containing yeast cells. The scattered light from the trapped cell can be clearly seen in Fig. 4b . From the simulation, the overlap region is between 15 and 30 μm away from the fiber-end, and according to theory, as shown in Fig. 2 , the trapping distance should be within this range (d trap = 25.9 μm for 67.5° mirrors). The trapping distance away from the fiber-end in this experiment, as it can be seen in Fig. 4(b) , was 25 μm, so the difference between this value and theory was 3.5%. 
Machined MCF-based optical tweezing
Experimental setup
The fiber tweezer was used to trap and move 7 μm diameter yeast cells in water. The experimental set up, illustrated in Fig. 5 , consists of two micro-translation stages both moving in x, y and z; one is for alignment of the single fiber tweezer and the other is the lasermachined sample holder [24] . A microscope objective of × 10 magnification and a CCD camera were used for imaging a large field of view of the sample. The total trapping power emitted from the MCF in the sample did not exceed 30 mW. The total power has been measured by first cleaving perpendicularly the fiber-end in order to capture all light exiting the cores. For this reason, the exact power coming out of the fabricated cores may slightly vary due to potential scattering inside the sample medium. The two 975 nm laser diodes and the fan-out are the same as those described in section 2.3.
Yeast cells were suspended in water and experiments performed at room temperature. With light in only one of the cores there was obvious movement of the cells that entered the beam along the direction of beam propagation (Visualization 1). When both diodes were turned on, single cells were trapped at a point 24-27 μm away from the fiber-end and at approximately 0.6 mm above the bottom of the sample. The x axis is defined as the axis parallel to the fiber axis, the y axis as perpendicular to the fiber axis and z as the axis that runs up and down through the sample. Trapping was confirmed in 3 dimensions by moving the fiber and the sample in the x, y and z directions with defined speed between 0.05 and 0.08 mm s −1 (Fig. 6, Visualization 2) . In Fig. 6(a)-6(c) , the sample is moved up and down along the z axis. The fiber and the trapped cell remain in focus while background cells move out of focus. In Fig. 6(d)-6(f) and Fig. 6(g)-6 (i), the fiber is moved along the x axis and y axis, respectively, while the sample is stationary. The cells in the surrounding medium change position with respect to the fiber-end due to flow created when translating the fiber. In contrast, the trapped cell remains at the same distance from the fiber-end. 
MCF-based tweezer characterisation
To calculate the force exerted on the cell by the fiber tweezer (F fiber ), we used a conventional optical tweezer (OT) to determine the force required to overcome the MCF-based tweezer. The OT is based on a 976 nm diode laser focused by a microscope objective lens of × 60 magnification and NA of 0.90. A cell was trapped by the fiber tweezer using a maximum total optical power of 30 mW (the combined power of core 1 and core 2) and the OT was aligned orthogonal to the fiber axis, so that its beam centre was ~5-7μm away from the fiber-trapped cell. The OT was turned on and the power gradually increased until the cell was pulled out of the fiber trap into the OT. The OT trapping force (F trap ) was pre-calibrated by equating to Stokes' drag force (F drag ). The calibration was performed by measuring the critical trapping velocity (υ c ) for a variety of OT powers and calculating Stokes' drag force, 
where the viscosity, η of water is 8.9 × 10 −4 Pa and the trapped particle radius, r, is on average 3.5 μm [25] . The instant that the fiber trap is broken by the OT, F fiber is equal to F trap . This is performed for fiber-trap powers between 6-30 mW and is repeated for 4-5 times for different cells for each power. OT powers in the range of 0.2 mW to 0.4 mW were sufficient to break the fiber trap. The force of the fiber trap at different powers was calculated and is shown in Fig. 7 . The results for F fiber for this MCF-based tweezer are in broad agreement with other optical fiber traps [21] , [26] that reported forces between 0.5 pN and 5 pN for powers of 0.5 mW to 5 mW, and slightly weaker than conventional OT that report forces up to 35 pN for powers up to 80 mW [27] .
The dimensionless trap efficiency parameter, Q,can be estimated using the total fiber trapping power values and the calculated force. For fiber trapping power, P, the refractive index of the water n = 1.33 and c the speed of light in a vacuum, then Q, for this particular fiber tweezer with machined mirrors of 67.5°, is given by [26] fiber F c Q nP =
Previous studies quoting the trapping efficiency parameter of a fiber-based tweezing system, present values of Q = 0.2 [26] or lower; for example Q = 0.1, as reported by Yu et al. in their study [28] . The trapping efficiency parameter of a microscope-based OT is slightly higher with values between 0.10 to 0.570 [27] , [29] , [30] . This difference between the two types of tweezing systems can be explained due to the NA of the fiber-based system (in this case 1.039) which is lower than an OT (typically 1.3), so the light is not focused as tightly as in conventional OT.
Optical trapping using the MCF-based tweezer is analogous to trapping using a LaguerreGaussian (LG) [31] beam in conventional microscope-based OT. The LG profile is such that the on-axis intensity is zero, hence the optical trap is stronger because there is no on-axis scattering force to push the particle out of the trap in the direction of beam propagation [32] . In a similar manner, our MCF design has no on-axis rays contributing to a scattering force along the direction of the fiber axis. In addition, and in contrast to the conventional tightly focused beam of OT, the beams emitted here are slightly diverging, so the intensity is approximately 0.0379 × 10 6 W/cm 2 which is significantly lower than OT (approximately 4.53 × 10 6 W/cm 2 ) and so optical and thermal damage due to trapping is minimised.
Raman spectroscopy for yeast cells
The MCF-based tweezer was designed to be portable and at the same time to hold and manipulate a cell under a microscope without the need to modify the microscope system. Additionally, it can hold and manipulate the trapped cell away from any substrate. One major issue related to single cell Raman spectroscopy is the background signal of the substrate (microscope slide) which dominates the Raman signal. In addition to this, any fluid flow in the sample leads to an uncontrollable movement of the cell in suspension making spectroscopy difficult, particularly if long integration times are required to analyze the cell or particle. Ideally, it is desirable to hold the cell under test in a stable position some distance away from the substrate.
Optically trapping cells in a stable position to perform Raman spectroscopy has been reported elsewhere [33] , where a single cell could be trapped by the focused Raman laser beam. However, this approach restricts the ability to manipulate the cell and change its position below the microscope. To address this, a trap of two counter-propagating beams formed from two opposed fibers has been demonstrated to stably hold and manipulate the cell below the Raman microscope, but limitations arise from the restricted space to set up this trapping system, the alignment required and the difficulty in flowing desired cells into the trap [6] . Our MCF-based tweezer circumvents these issues. This is demonstrated using a commercial unmodified Raman microscope (Renishaw InVia). A × 50 objective with a NA of 0.75 was used to focus the Raman excitation beam, of 785 nm wavelength and power of 92 mW. The spot diameter was calculated using the Rayleigh criterion to be 1.27 μm and spectral acquisition time was 10 seconds in all experiments.
Both live and dead yeast cells have been trapped using the MCF-based tweezer to acquire the Raman spectra, as shown in Fig. 8 . It is often difficult to discriminate live from dead cells through optical observation alone due to their similar morphology, however Fig. 8 shows that the main differences in Raman spectra between live and dead yeast cells appear in DNA components and proteins peaks. In live cells (red spectrum) these peaks appear more intense than in case of dead cells (black spectrum), due to protein and nucleic acids denaturation and degradation in the dead cells [34] . We have observed that the intensity of the Raman signal increases with increasing fiber tweezer power. This enhancement in Raman signal from a trapping beam has been reported by others [13] .
Conclusions
We have designed, fabricated and demonstrated a flexible and portable single fiber optical tweezer. The fiber tweezer is based upon a multicore fiber containing two micro-machined mirrors directing two emitted beams to cross a short distance from the end of the fiber. Yeast cells have been stably trapped and manipulated in x, y and z and held under a Raman probe beam in order to obtain spectra from live and dead cells, eliminating the detrimental background signals and flow effects. The MCF-based tweezer has a maximum NA of 1.039, for 67.5° mirror angle, and can exert a maximum trapping force of 26.5 pN, as measured using well-characterized, orthogonally directed, conventional optical tweezers. Finally, the quality, Q of this particular fiber trap was calculated to be between 0.067 and 0.198, in line with conventional optical tweezers, but allowing more flexibility in the type of trapping and imaging experiments that can be performed.
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